Introduction {#s0005}
============

Renal cell carcinoma (RCC) constitutes approximately 2--3% of all adult malignancies and its incidence has increased in recent years [@bb0005]. Up to 20% of patients have metastatic disease at presentation. Another 10--20% of patients develop metastasis or local recurrence despite curative surgery [@bb0010]. Patients with metastatic disease often have poor outcomes. Tyrosine kinase inhibitors (TKIs) are currently a first-line treatment choice for metastatic RCC (mRCC) and show significantly improved overall survival. Unfortunately, resistance to TKIs emerges within 12 months in almost all patients [@bb0015], [@bb0020]. Moreover, long-term exposure is associated with severe adverse events, dose reductions or interruptions, which result in decreased quality of life. Therefore, the need to identify novel molecular targets and more effective therapeutics for the management of mRCC remains.

Adiponectin (APN) is the most well-known adipocyte-secreted cytokine with anti-diabetic, anti-inflammatory and anti-angiogenic properties [@bb0025]. Serum APN level has been confirmed to be inversely associated with tumorigenesis of breast, endometrial, colorectal, gastric and prostate gland tissues [@bb0030]. Studies further demonstrated an anti-tumor activity of APN in numerous solid and hematological tumors. To date, studies investigating the association between APN and RCC have mainly focused on localized disease and the results are limited and controversial. In 2008, serum level of APN was reported to be inversely correlated with tumor size and metastasis [@bb0035]. However, conflicting results concerning the relationship of serum APN with RCC risk and prognosis have been subsequently reported [@bb0040], [@bb0045]. Moreover, further investigations attempting to elucidate the potential molecular mechanisms of APN in RCC yielded inconsistent results [@bb0050], [@bb0055].

APN exerts its action through interacting with AdipoR1 and AdipoR2. AdipoR1 and AdipoR2 activate different signaling pathways and are heterogeneously expressed in varies cancer types [@bb0025], [@bb0060]. This heterogeneity is closely correlated with the biologic effects of APN in malignancies. However, the functional significance of AdipoR1 and AdipoR2 in RCC has not been defined. In particular, the potential role of APN receptors in mRCC is still unknown. Therefore, the aim of this study is to investigate the biological and clinical involvement of APN receptors in mRCC and to explore its underlying molecular mechanisms.

Materials and Methods {#s0010}
=====================

Clinical Samples {#s0015}
----------------

One hundred and twenty primary RCC specimens and 30 metastatic specimens were obtained from patients who underwent nephrectomy or metastasectomy between 2008 and 2016 at West China Hospital. All clinical samples were acquired with written informed consents under permission from West China Hospital Ethics Committee ([Supplementary Materials and Methods](#ec0005){ref-type="supplementary-material"}).

Cell Culture {#s0020}
------------

All RCC cell lines used were purchased from ATCC. 293FT cells were a kind gift from Dr. Aiping Tong. 769-P and OS-RC-2 were cultured in RPMI-1640 (Gibco, NY, USA) with 10% FBS (Gibco) and 1% penicillin--streptomycin. A498, ACHN and 293FT were cultured in DMEM (Gibco) with 10% FBS. Caki-1 were cultured in McCOY\'s 5A (Gibco) with 10% FBS. All cells were maintained in 37 °C in humidified conditions with 5% CO~2~.

Reagents and Antibodies {#s0025}
-----------------------

Human recombinant full-length adiponectin was procured from AIS (41013, HK, CN). The antibodies used in this study were anti-adiponectin receptor 1 (MABS1007, Millipore, MA, USA), anti-adiponectin receptor 2 (MABS1166, Millipore), anti-β-actin (A2228, Sigma, MO, USA), anti-caspase 3 (9664, CST, MA, USA), anti- Cleaved PARP (5625, CST), anti-GSK3β (12456, CST), anti-phosphor-GSK3β(5558, CST), β-catenin (8480, CST), E-cadherin (ab40772, Abcom, MA, USA), N-cadherin (13116, CST), anti-AKT (9272, CST), anti-phosphor-AKT (4060, CST), anti-IκB (14814, CST), anti-phosphor-IκB (2859, CST), Alexa Fluor 488 (A-11008,Thermo Scientific, NY, USA).

Immunohistochemistry (IHC) {#s0030}
--------------------------

Sections of RCC specimens (including primary and metastatic tumor tissues) were dewaxed, rehydrated, and blocked for endogenous peroxidase activity. After antigen retrieval, sections were incubated with antibodies against AdiponR1 (1:100) and anti-AdiponR2 (1:100) overnight at 4 °C. The sections were subsequently incubated with corresponding secondary antibodies at room temperature for 1 hour, followed by peroxidase-streptavidin-biotin complex and diaminobenzidine to visualize the proteins. The immunostaining of each tissue was scored using the positive intensity (negative, 0; weak, 1; moderate, 2; and strong, 3) of tumor staining. Those with negligible, weak, or moderate staining (0--2) were classified as low staining.

Western Blot Analysis {#s0035}
---------------------

Western blot was carried out as described previously [@bb0065]. Immunodetection was performed using ECL reagent (GE Healthcare Life Sciences, NY, USA) and images were captured with ImageQuant™ LAS 4000 (GE Healthcare).

Real-Time Quantitative RT-PCR {#s0040}
-----------------------------

Total RNAs were extracted using TRIzol Reagent (ThermoFisher Scientific, MA, USA). Equal amounts of total RNAs were converted into cDNAs using RevertAid First Strand cDNA Synthesis Kit (ThermoFisher Scientific). Quantitative PCR was performed on an ABI Prism® 7500 Sequence Detection System (Applied Biosystems, MA, USA). PCR primer sequences used in this study are listed in [Supplementary Table S3](#ec0020){ref-type="supplementary-material"}.

Migration and Invasion Assay {#s0045}
----------------------------

Migration and invasion assays were performed in transwell system (8-μm pore; Millipore, MA, USA). The polyethylene filters pre-coated with Matrigel Matrix (Corning, NY, USA) were used for invasion assay, and uncoated filters were used for migration assay. Cells (3 × 10^5^) in 300 ml of medium (containing 0.1% FBS) with or without 10 mg/ml APN for 72 h were seeded in the upper chamber and 600 ml of medium with 10% FBS was added to the lower chamber as chemoattractant. After 20 hours, cell that had invaded to the other side of the membrane were fixed in 4% paraformaldehyde and stained with 0.5% crystal. The adherent cells on the membrane were counted under microscopy at ×100 magnification (five fields per insert).

Cell Growth and Cell Viability Assay {#s0050}
------------------------------------

Cells seeded in 6-well plates (2.5 × 10^5^ cells/well) were treated with Sunitinib (2 μM), APN (10 μg/ml) or a combination of both. Total cell numbers were counted after 2 days. Cell survival rate (%) = (treatment group cell number/control group cell number) × 100%. Cell viability was determined using MTT assays ([Supplementary Materials and Methods](#ec0005){ref-type="supplementary-material"}).

Colony Formation Assay {#s0055}
----------------------

Cells were plated at an equal density (1,000 cells/dish) in 60 mm dishes or (500 cells/dish) in 6-well plates for 14 days; the media was changed every 7 days. Colonies were rinsed with PBS, fixed with 4% formaldehyde 0.5%, stained with crystal violet/ and the numbers of colonies were counted.

Plasmid Construction and Lentivirus Transduction {#s0060}
------------------------------------------------

AdipoR1 stable knockdown uses lentiviral short hairpin RNA (pLKO.1 vectors). AdipoR1 and AdipoR2 overexpression uses lentiviral vectors (pCDH-CMV-MCS-EF1-hygromycin). For AdipoR1 stable knockdown, three premade lentiviral AdipoR1 shRNA were constructed and a negative control construct created in the same vector system. For AdipoR1/R2 stable overexpression, human AdipoR1/R2 primers were flanked with restriction sites and the amplified full-length coding sequences were then cloned into lentiviral vectors. ShRNA sequences and human cDNA libraries respectively using primers described in Table S7. One day before transfection, 1.5 × 10^6^ 293 T cells were plated in 100-mm dishes. Cells were cotransfected with shRNA constructs or overexpression constructs together with helper plasmids using FuGENE HD (E2311, Promega, WI, USA). Viral stocks were harvested at 48 h and 72 h post-transfection from the culture medium and filtered to remove nonadherent 293FT cells. Cells (1 × 10^5^) were plated on 6-well plate 24 h before transduction then infected with 1.5 ml virus-containing medium with 8 μg/ml polybrene (TR-1003, Sigma). After 12 h, the infectious medium was replaced, and the infection was repeated. Two days after infection, 0.5--2 μg/ml puromycin (P8833, Sigma) or 200--400 μg/ml hygromycin (V900372, Sigma) were used for selection of stable clones. The stably transfected cell lines were confirmed by Western blot and qPCR.

Statistics {#s0065}
----------

SPSS 22.0, GraphPad Prism 6 were applied for data analysis. Continuous parameters were calculated as mean ± SD and were analyzed by Mann--Whitney U test. Categorical parameters were calculated as proportions and were analyzed by chi-square test. Kappa test was used to analyze the consistency of AdipoR1 expression between primary and marched metastatic lesions. Kaplan--Meier method and Cox proportional hazard model were conducted to analyze survival outcomes. Harrell\'s C-index was used to further assess the discrimination of models calculated by using R software. Statistical significance was set at *P* \< .05.

Results {#s0070}
=======

AdipoR1 and AdipoR2 are disparately expressed in mRCC {#s0075}
-----------------------------------------------------

A total of 127 mRCC patients treated with sunitinib as first-line therapy between 2008 and 2017 at West China Hospital were included in our study. Baseline clinical and pathological characteristics are shown in [Supplementary Table S1](#ec0010){ref-type="supplementary-material"}.

We firstly explored AdipoR1/AdipoR2 expression profiles in primary and metastatic tissues. AdipoR1 and AdipoR2 were differentially expressed in tumor tissues ([Figure 1](#f0005){ref-type="fig"}*A*). AdipoR1 was positively expressed in 87.4% (111/127) of tumors, with 23.6% (30/127) displaying strong positivity in primary and/or metastatic lesions. In contrast, AdipoR2 was expressed in only 16.5% (21/127) of tumors. Of note, AdipoR1 had a heterogeneous staining pattern in different lesions. Overall, metastases had higher AdipoR1 expression compared with primary tumor lesions, (40.0% vs 22.5%, *P* = .046), particularly in lung and bone lesions (42.1% and 40.0%) ([Figure 1](#f0005){ref-type="fig"}*B*). Moreover, high-AdipoR1 expression was found in 37.5% (6/16) cases of pRCC, 23.3% (21/90) cases of ccRCC and 14.3% (3/21) cases of other pathological types ([Figure 1](#f0005){ref-type="fig"}*D*). However, the expression of AdipoR2 was not associated with tumor sites and pathological subtypes ([Figure 1](#f0005){ref-type="fig"}, *C* and *E*).Figure 1**Expression of AdipoR1 and AdipoR2 in mRCC specimens.**(A) Representative images of immunohistochemical staining of AdipoR1 and AdipoR2 in mRCC specimens. (a) AdipoR1 with low staining. (b) AdipoR1 with high staining. (c) AdipoR2 with negative staining. (d) AdipoR2 with positive staining. Scale bars, 100 μm.(B) Expression profiles of AdipoR1 in different metastatic sites.(C) Expression profiles of AdipoR2 in different metastatic sites.(D) Expression profiles of AdipoR1 in different pathological subtypes.(E) Expression profiles of AdipoR2 in different pathological subtypes.Figure 1

AdipoR1 Expression is Associated with Sunitinib Response and Survival in mRCC {#s0080}
-----------------------------------------------------------------------------

Next, we determine the association of AdipoR1 and AdipoR2 expression with clinical characteristics and survival. Patients with high-AdipoR1 expression tended to be younger (*P* = .016) and had favorable IMDC scores (*P* = .065) ([Supplementary Table S2](#ec0015){ref-type="supplementary-material"}). AdipoR2 expression was not related to any clinical/ pathological factors (data not shown).

The median follow-up time was 64.1 months (range 20--124 months). At the time of cut-off point, the occurrence rate of disease progression and all cause of mortality were 79.5% (101/127) and 46.4% (59/127), respectively. As shown in [Figure 2](#f0010){ref-type="fig"}*A*, patients with low-AdipoR1 expression were more likely to suffer from progressive disease (PD) during TKIs therapy than those with high-AdipoR1 expression (PD: 40.0% vs. 11.1%, *P* = .02). Moreover, Kaplan--Meier analysis showed AdipoR1 expression was significantly associated with progressive-free survival (PFS) and overall survival (OS). In comparison to those with low-AdipoR1 expression, patients with high-AdipoR1 expression had both prolonged PFS (19.5 vs. 37.8 mo, *P* = .001) and OS (62.3 vs 101.1 mo, *P* = .004) ([Figure 2](#f0010){ref-type="fig"}B, C). Cox regression analysis further revealed that high-AdipoR1 expression was an independent prognosticator for mRCC patients with TKIs treatment (PFS: HR = 0.547, 95% CI: 0.306--0.978, *P* = .042 and OS: HR = 0.310, 95% CI: 0.121--0.789, *P* = .014) ([Table 1](#t0005){ref-type="table"}). Furthermore, high-AdipoR1 expression in metastatic tissues was also associated with favorable PFS and OS (PFS: 15.9 vs. 45.2 mo, *P* = .006 and OS: 52.7 vs. 76.7 mo, *P* = .037) [Figure 2](#f0010){ref-type="fig"}, *G* and *H*). In contrast, AdipoR2 expression was associated with neither sunitinib response nor patient survival [Figure 2](#f0010){ref-type="fig"}, *D,E,*--*F*, I and J).Figure 2**The relationship between AdipoR1/R2 expression in tumor tissues and sunitinib response and patient survival in mRCC.**(A) The expression levels of AdipoR1 in mRCC patients with PD (n = 20) or non-PD (n = 45) during sunitinib therapy (*P* = .020).(B) Kaplan--Meier curves of the progression-free survival of mRCC patients (n = 127), with regard to the expression levels of AdipoR1.(C) Kaplan--Meier curves of the overall survival of mRCC patients, with regard to the expression levels of AdipoR1.(D) The expression levels of AdipoR2 (n = 127) in mRCC patients with PD or non-PD during sunitinib therapy (*P* = .711).(E) Kaplan--Meier curves of the progression-free survival of mRCC patients, with regard to the expression levels of AdipoR2.(F) Kaplan--Meier curves of the overall survival of mRCC patients, with regard to the expression levels of AdipoR2.(G) Kaplan--Meier curves of the progression-free survival of mRCC patients (n = 30), with regard to the expression levels of AdipoR1 in metastatic lesions.(H) Kaplan--Meier curves of the overall survival of mRCC patients, with regard to the expression levels of AdipoR1 in metastatic lesions.(I) Kaplan--Meier curves of the progression-free survival of mRCC patients (n = 30), with regard to the expression levels of AdipoR2 in metastatic lesions.(J) Kaplan--Meier curves of the overall survival of mRCC patients, with regard to the expression levels of AdipoR2 in metastatic lesions.Figure 2Table 1Cox regression analysis for the identification of the predictors for PFS and OS after TKIs therapy.Table 1VariablePFSOSUnivariateMultivariateUnivariateMultivariateHR(95%CI)*P* valueHR(95%CI)*P* valueHR(95%CI)*P* valueHR(95%CI)*P* valueAge (\<50 vs. ≥50)1.874 (1.197--2.993).0061.356 (0.808--2.276).2501.511 (0.825--2.768).181\-\-\--ECOG score (\<2 vs. ≥2)1.985 (1.229--3.206).0051.639 (0.946--2.840).0782.437 (1.323--4.487).0042.044 (0.981--4.259).056T stage (\<3 vs. ≥3)1.142 (0.709--1.839).584\-\-\--2.209 (1.230--3.965).0082.275 (1.012--5.113).047Primary Tumor Size (\<10 cm vs. ≥10 cm)0.731 (0.345--1.549).414\-\-\--0.988 (0.847--1.152).877\-\-\--Pathology type1.233 (0.732--2.075).431\-\-\--1.194 (0.609--2.339).606\-\-\--ISUP grade (\<3 vs. ≥3)0.618 (0.372--1.007).053\-\-\--0.662 (0.350--1.254).206\-\-\--Necrosis (Without vs. with)1.115 (0.655--1.900).688\-\-\--1.083 (0.548--2.138).819\-\-\--Sarcomatoid (Without vs. With)1.198 (0.437--3.286).726\-\-\--0.840 (0.204--3.461).809\-\-\--Metastatic sites (Lung vs. Other)0.685 (0.449--1.046).080\-\-\--1.069 (0.628--1.820).807\-\-\--Number of metastases (\<2 vs. ≥2)2.548 (1.286--3.217).0151.421 (0.972--3.247).0791.423 (1.023--3.574).079\-\-\--IMDC score[⁎](#tf0005){ref-type="table-fn"}1.763 (1.094--2.814).0200.956 (0.513--1.781).8873.095 (1.724--5.557)\<.0012.660 (0.737--9.597).135MSKCC score [⁎](#tf0005){ref-type="table-fn"}1.357 (0.816--2.258).239\-\-\--2.073 (1.114--3.856).0210.478 (0.118--5.113).303Nephrectomy0.426 (0.212--0.854).0160.241 (0.111--0.524)\<.0010.208 (0.095--0.454)\<.0010.131 (0.046--0.374)\<.001Experience of Metastatectomy0.595 (0.398--0.889).0110.603 (0.378--0.963).0340.508 (0.294--0.877).0150.551 (0.271--1.118).099Timing of metastasis[\#](#tf0010){ref-type="table-fn"}1.463 (0.983--2.179).061\-\-\--1.840 (1.076--3.147).0261.550 (0.766--3.136).223AdipoR1 (Low vs. High)0.414 (0.246--0.697)\<.0010.547 (0.306--0.978).0420.314 (0.246--0.697).0020.310 (0.121--0.789).014AdipoR2 (Negative vs. Positive)1.231 (0.738--2.054).426\-\-\--1.371 (0.738--2.548).318\-\-\--[^2][^3][^4]

APN Inhibits Migration, Invasion and Sensitizes RCC Cells to Treatment with Sunitinib {#s0085}
-------------------------------------------------------------------------------------

To investigate the mechanism of the relationship between high-AdipoR1 expression and favorable sunitinib response and survival, we firstly evaluated the expression of AdipoR1 and AdipoR2 in several RCC cell lines ([Figure 3](#f0015){ref-type="fig"}*A*). AdipoR1 was highly expressed in 769-P, A498, OS-RC-2, while AdipoR2 was lowly expressed in all cell lines. We next examined the effect of APN on RCC cell proliferation, migration and invasion. Of note, human recombinant full-length APN impeded migration and invasion of cells with high-AdipoR1 expression (769-P, A498, OS-RC-2), but not those with low-AdipoR1 expression (ACHN and Caki-1) ([Figure 3](#f0015){ref-type="fig"}*B*). Administration of APN had no effect on RCC cell proliferation ([Supplementary Figure S1](#f0040){ref-type="graphic"}, *A* and *B*). Moreover, the addition of APN with sunitinib could significantly decrease proliferation and clonogenic potential of cells with high-AdipoR1 expression ([Figure 3](#f0015){ref-type="fig"}, *C*--*F*). APN also enhanced the anti-proliferation effect of sunitinib in a concentration- and time-dependent manner ([Supplementary Figure S1](#f0040){ref-type="graphic"}, *C*--*F*). These results indicated that APN could inhibit migration and invasion, and sensitize RCC cells to sunitinib.

Interaction of AdipoR1 Confers Anti-Tumor Effect of APN in RCC Cells {#s0090}
--------------------------------------------------------------------

To define whether AdipoR1 or AdipoR2 was responsible for APN-induced anti-tumor effects on RCC cells, we specifically knockdown AdipoR1 in 769-P and A498 cells. Silencing of AdipoR1 impeded APN-induced suppression of migration and invasion ([Figure 4](#f0020){ref-type="fig"}, *A*--*D*). Depletion of AdipoR1 also desensitized RCC cells to sunitinib confirmed by cell growth and colony formation assay ([Figure 5](#f0025){ref-type="fig"}, *A*--*C*). Next, we generated ACHN cells with AdipoR1 or AdipoR2 stably overexpressed. AdipoR1 overexpression restored sensitivity of ACHN to APN. APN administration could both hinder invasiveness and sensitize cells to sunitinib ([Figure 4](#f0020){ref-type="fig"}, *E* and *F* and [Figure 5](#f0025){ref-type="fig"}, *D*--*F*). However, AdipoR2 overexpression did not augment the anti-tumor properties of APN on ACHN.Figure 3**APN inhibits migration, invasion and sensitizes RCC cells to sunitinib.**(A) AdipoR1 and AdipoR2 expression in indicated cell lines was evaluated by western blot (up) and qRT-PCR (down).(B) Invasion and migration of 769-P, ACHN, A498, Caki-1, OS-RC-2 cells were evaluated by Transwell assay after treatment with or without 10 μg/ml recombinant full-length APN for 72 h. Graphs show the relative number of migratory and invasive cells (n = 4).(C) Proliferation of indicated cells was evaluated by MTT assay after treatment with 2 μM Sunitinib and/or 10 μg/ml APN for 24 h or 48 h (n = 3).(D) Proliferation of 769-P, A498 and ACHN cells was evaluated by cell growth assay after treatment with Sunitinib (2 μM) and/or APN (10 μg/ml) for 48 h (n = 3).(E) Clonogenic ability of 769-P, A498 and ACHN cells was evaluated after treatment with Sunitinib (0.5 μM) and/or APN (10 μg/ml).(F) Graphs show relative colony numbers (n = 2).Figure 3Figure 4**Interaction of AdipoR1 confers migration and invasion inhibitory effect of APN in RCC cells.**(A) Migration of AdipoR1-knockdown and control cells was evaluated by Transwell assay after treatment with APN (10 μg/m) for 72 h.(B) Graphs show the relative number of migratory cells (n = 4).(C) Invasion of AdipoR1-knockdown and control cells were evaluated by Transwell assay after treatment with APN (10 μg/ml) for 72 h.(D) Graphs show the relative number of invasive cells (n = 4).(E) Invasion and migration of AdipoR1-overexpression, AdipoR2-overexpression and control ACHN cells were evaluated by Transwell assay after treatment with or without 10 μg/ml APN for 72 h.(F) Graphs show the relative number of migratory and invasive cells (n = 4).Results are presented as mean ± SD. \**P* \< .05, \*\**P* \< .001 compared with untreated cells.Figure 4Figure 5**Interaction of AdipoR1 confers sunitinib sensitization effect of APN in RCC cells.**(A) Proliferation of AdipoR1-knockdown and control cells was evaluated by cell growth assay after treatment with Sunitinib (2 μM) and/or APN (10 μg/ml) for 48 h (n = 3).(B) Clonogenic ability of AdipoR1-knockdown and control cells was evaluated after treatment with Sunitinib (0.5 μM) and/or APN (10 μg/ml).(C) Graphs show relative colony numbers (n = 2).(D) Proliferation of AdipoR1-overexpression, AdipoR2-overexpression and control ACHN cells was evaluated by cell growth assay after treatment with Sunitinib (2 μM) and/or APN (10 μg/ml) for 48 h (n = 3).(E) Clonogenic ability of AdipoR1-overexpression, AdipoR2-overexpression and control ACHN cells was evaluated after treatment with Sunitinib (0.5 μM) and/or APN (10 μg/ml).(F) Graphs show relative colony numbers (n = 2).Results are presented as mean ± SD. \**P* \< .05, \*\**P* \< .001.Figure 5

Interaction of AdipoR1 with APN impeded migration and invasion through blocking phosphorylation of GSK-3β {#s0095}
---------------------------------------------------------------------------------------------------------

Previous study showed that APN could inhibit phosphorylation of GSK-3β in breast cancer [@bb0070]. Therefore, we evaluated whether APN had an effect on GSK-3β signaling pathways in RCC cells. As shown in [Figure 6](#f0030){ref-type="fig"}*A*, APN treatment inhibited phosphorylation of GSK-3β and decreased the accumulation of β-catenin. APN administration also inhibited expression of EMT-related proteins ([Figure 6](#f0030){ref-type="fig"}, *B* and *C*).Figure 6**Interaction of AdipoR1 with APN impeded migration and invasion though blockade phosphorylation of GSK-3β**(A-B) Western blot analysis of indicated proteins of 769-P and A498 cells treated with or without APN (10 μg/ml) for 48 h.(C) qRT-PCR analysis of indicated genes of 769-P and A498 cells treated with or without APN (10 μg/ml) for 48 h (n = 3).(D-E) Western blot analysis of indicated proteins of AdipoR1-knockdown and control 769-P cells treated with or without APN (10 μg/ml) for 48 h.(F) qRT-PCR analysis of indicated genes of AdipoR1-knockdown and control 769-P cells treated with or without APN (10 μg/ml) for 48 h (n = 3).(G-H) Western blot analysis of indicated proteins of AdipoR1-knockdown and control A498 cells treated with or without APN (10 μg/ml) for 48 h.(I) qRT-PCR analysis of indicated genes of AdipoR1-knockdown and control A498 cells treated with or without APN (10 μg/ml) for 48 h (n = 3).(J-K) Western blot analysis of indicated proteins of AdipoR1-overexpression, AdipoR2-overexpression and control ACHN cells treated with or without APN (10 μg/ml) for 48 h.(L) qRT-PCR analysis of indicated genes of AdipoR1-overexpression, AdipoR2-overexpression and control ACHN cells treated with or without APN (10 μg/ml) for 48 h (n = 3).Results are presented as mean ± SD. \**P* \< .05 compared with untreated cells.Figure 6

Subsequently, we investigated whether interaction with AdipoR1 mediated inactivation of the GSK-3β/β-catenin pathway. We found that depletion of AdipoR1 significantly abrogated APN-mediated downregulation of p-GSK-3β and accumulation of β-catenin in 769-P and A498 cells ([Figure 6](#f0030){ref-type="fig"}, *D* and *G*). Silencing of AdipoR1 also restored the expression of EMT-related proteins ([Figure 6](#f0030){ref-type="fig"}, *E* and *F*, *H* and *I*). Correlating with these results, AdipoR1 overexpression in ACHN cell suppressed phosphorylation of GSK-3β, decreased the accumulation of β-catenin and restrained expression of EMT-related proteins ([Figure 6](#f0030){ref-type="fig"}, *J*--*L*). In contrast, overexpression AdipoR2 had no effect on the GSK-3β/β-catenin pathway after treatment with APN.

Interaction of AdipoR1 with APN Sensitizes RCC Cell to Sunitinib through Inhibition PI3K/AKT/NF-κB Pathway {#s0100}
----------------------------------------------------------------------------------------------------------

We also explored whether inactivation phosphorylation of GSK-3β could sensitize RCC cells to sunitinib. Unfortunately, treatment with lithium chloride (LiCl), a GSK-3β inhibitor, was unable to affect proliferation of RCC cells when combined with APN and sunitinib treatment ([Figure 7](#f0035){ref-type="fig"}*A*). This result suggested that GSK-3β was not the key mechanism for APN-induced sunitinib sensitization. We, found that low-dose sunitinib treatment elevated phosphorylation of AKT in 769-P and A498 cells and increased phosphorylated-I-κB protein. The addition of APN substantially abrogated sunitinib-induced phosphorylation of AKT and I-κB ([Figure 7](#f0035){ref-type="fig"}, *B* and *C*). Furthermore, we found APN inhibited AKT and I-κB activation in a dose-dependent manner ([Figure 7](#f0035){ref-type="fig"}*B*). These data indicated that blocking the PI3K/AKT/NF-κB pathway could be involved in APN-induced sunitinib sensitization in RCC cells.Figure 7**Interaction of AdipoR1 with APN sensitizes RCC cell to sunitinib through inhibition of the PI3K/AKT/NF-κB pathway**(A) Proliferation of 769-P and A498 cells was evaluated by MTT assay after treatment with Sunitinib (2 μM) and APN (10 μg/ml) with or without 20 mM LiCl for 48 h (n = 3).(B) Western blot analysis of indicated proteins of 769-P cells treated with Sunitinib (2 μM) and increasing concentrations of APN (0-10 μg/ml) for 48 h.(C) Western blot analysis of indicated proteins of 769-P and A498 cells treated with Sunitinib (2 μM) with or without APN (10 μg/ml) for 48 h.(D) Western blot analysis of indicated proteins of AdipoR1-knockdown and control 769 cells treated with Sunitinib (2 μM) with or without APN (10 μg/ml) for 48 h.(E) Western blot analysis of indicated proteins of AdipoR1-knockdown and control A498 cells treated with Sunitinib (2 μM) with or without APN (10 μg/ml) for 48 h.(F) Western blot analysis of indicated proteins of AdipoR1-overexpression, AdipoR2-overexpression and control ACHN cells treated with Sunitinib (2 μM) with or without APN (10 μg/ml) for 48 h.Results are presented as mean ± SD. \**P* \< .05 compared with untreated cells.Figure 7

We further elucidated whether activation of AdipoR1 was able to sensitize RCC cells to sunitinib. We found that AdipoR1 depletion abrogated APN-induced downregulation of phosphorylation of AKT and I-κB in 769-P and A498 cells ([Figure 7](#f0035){ref-type="fig"}, *D* and *E*). Moreover, overexpression of AdipoR1, but not AdipoR2, in ACHN reduced phosphorylation of AKT and I-κB following APN treatment ([Figure 7](#f0035){ref-type="fig"}*F*).

Discussion {#s0105}
==========

Metastatic RCC is a lethal disease due to frequent relapse and aggressive progression. Current treatment options for patients have limited therapeutic efficacy. Our study investigated the expression and function of APN receptors in mRCC. To our knowledge this is the first time that we identify that the expression of AdipoR1 in RCC tissues could serve as an independent predictor for sunitinib response and overall survival. Activating the APN-AdipoR1 axis exerted an anti-tumor effect in RCC via concomitantly triggering dual pathways: one led to the blocking of GSK-3β/β-catenin signaling to inhibit migration and invasion, and the other obstructed the PI3K/AKT/NF-κB pathway to enhance sensitivity of tumor cells to sunitinib. Therefore, our findings demonstrate AdipoR1 as a novel predictor for TKIs response and as a promising therapeutic target to sensitize or even overcome drug resistance in mRCC.

TKIs therapy failed to reach satisfactory efficacy due to the lack of biomarkers predicting TKIs-responders among patients with mRCC. Therefore, the identification of reliable predictive markers for clinical benefits of TKIs is urgently needed. Herein, we showed that high expression of AdipoR1, either in primary or metastatic RCC tissues, was significantly associated with favorable sunitinib response and improved prognosis. Therefore, it is valuable to assess AdipoR1 expression in mRCC tumors to identify optimal candidates who might maximally survive from sunitinib therapy. In terms of treatment-naïve patients with high-AdipoR1 expression, we propose that the combination of sunitinib with APN or AdipoR1 agonist may enhance the therapeutic efficacy of TKIs in mRCC patients.

APN exerts its effects mainly through interacting with AdipoR1 and AdipoR2. Although shared similar structure, AdipoR1 and AdipoR2 elicit different functions via regulating different intracellular signaling pathways [@bb0025], [@bb0060]. Previous studies have focused on the relationship between serum APN and clinical outcomes in patients with RCC, while the expression and functions of APN receptors in tumor received less attention. Recently, Ito and colleagues evaluated the expression of AdipoR1 and AdipoR2 in localized RCC and found that the expression of AdipoR1 and AdipoR2 was not correlated with clinical outcome [@bb0055]. Notably, studies have demonstrated a significantly higher serum APN level in localized disease in contrast to mRCC [@bb0035], [@bb0045]. For this reason, in localized RCC, the survival benefit of patients with high-AdipoR1 expression might be masked by relatively high plasma APN levels. In contrast, owing to dramatically decreased serum APN levels in mRCC, as we demonstrated, men with high-AdipoR1 expression could experience superior survival than those with low-AdipoR1 expression. Moreover, the expression of AdipoR1 exhibited heterogeneous patterns in different tumor subtypes and tumor locations. Metastases, especially pulmonary and bone lesions, and pRCC had high AdipoR1 expression. Therefore, metastatic lesions and pRCC may be more sensitive to APN treatment. Furthermore, it is useful to identify patients with bone metastases, usually with poor TKIs-response, who might benefit from combination TKIs and APN therapy.

To date, limited studies have investigated the molecular mechanisms of the APN-AdipoR1 axis in RCC. Kleinmann et al. found that APN exerted anti-angiogenic and invasion inhibitory capacities via activating AMPK pathway and inhibiting VEGF, MMP-2 and MMP-9 secretion [@bb0050]. However, Ito et al. reported that exogenous APN could promote proliferation of RCC cells through activating anti-apoptotic signaling, but with no effect on cell migration and invasion [@bb0055]. It is noteworthy that the dosage of APN in their studies was far below physiological concentrations (5-30 μg/ml). In addition, the role of APN receptors in RCC has not been illuminated. Our study showed that 10 μg/ml APN, a physical concentration level, could inhibit cell migration and invasion, and enhance sensitivity of RCC cells to sunitinib. More importantly, we demonstrated that the anti-tumor effects of APN were predominately mediated by interacting with AdipoR1, but not AdipoR2. These results together with our clinical study confirmed the pivotal role of APN-AdipoR1 axis in mRCC.

Hyperactivation of the canonical β-catenin/Wnt pathway is one of the most common abnormalities in various cancer types [@bb0075]. GSK-3β is mainly a negative regulator of Wnt signaling and its dysregulation is involved in carcinogenesis. In breast cancer, APN inhibits proliferation through blocking phosphorylation of GSK-3β, preventing β-catenin activation and nuclear translocalization [@bb0070]. In our study, we did not observe an anti-proliferative effect of APN in RCC cells. However, inhibition of p-GSK-3β/β-catenin by APN was involved in reduction of RCC cell motility and invasiveness. Downregulation of phosphorylation of GSK-3β can hinder EMT, a key event directly correlated with tumor invasion, metastasis, and unfavorable prognosis [@bb0080], [@bb0085]. We also found that activating the APN-AdipoR1 axis could repress the expression of EMT-related proteins. In a recent study, differential modulation of GSK-3β activity was reported to be related to sunitinib response [@bb0090]. However, in our study, we found that inhibition of the GSK-3β/β-catenin pathway by APN was not associated with sunitinib response in RCC cells. Thus, the role of GSK-3β in sunitinib response remained to be identified.

NF-κB is a central player in the behavior of cancer cells and constitutively activated in RCC [@bb0095]. NF-κB activates several target genes, which subsequently leads to chemo- and radiotherapy resistance [@bb0095], [@bb0100]. Aberrant PI3K/AKT signaling is widespread in RCC which plays a central role in regulating NF-κB activation [@bb0105], [@bb0110]. Previous studies have demonstrated that APN could block the PI3K/AKT pathway in solid tumors and multiple myeloma [@bb0070], [@bb0115], [@bb0120]. APN also inhibited inflammatory response through the NF-κB pathway [@bb0125], [@bb0130]. Our study suggested that activation of the APN-AdipoR1 axis could inactivate NF-κB via blocking the PI3K/AKT pathway, which then sensitized RCC cells to sunitinib treatment in a concentration- and time- dependent manner. In addition, APN exerted anti-angiogenic properties in several solid cancers including RCC [@bb0050], [@bb0135]. Therefore, TKIs combined with APN could be a promising treatment strategy to maximize the anti-tumor effects on mRCC. Further study is needed to investigate the anti-angiogenic activity of co-administration APN and TKIs in RCC.

Targeting aberrantly activated pathways in tumor cells directly is problematic since these pathways have several important physical functions in normal cells. In our study, APN could inactivate the p-GSK-3β/β-catenin and PI3K/AKT/ NF-κB pathways in RCC tumors at physiological concentrations. At these concentrations, there is little risk for adverse effects on normal cells. Recently, a small molecule agonist of APN receptors has been shown to ameliorate diabetic symptoms in obese mouse models [@bb0140]. Furthermore, a novel AdipoR1 agonist has been demonstrated to exert anti-tumor effects in breast and pancreatic cancer [@bb0145], [@bb0150]. Therefore, APN or APN-AdipoR1 agonists could serve as promising therapeutic targets to abrogate TKIs-resistance and improve mRCC patient survival.

Conclusion {#s0110}
==========

Our study for the first time explored the role of APN receptors in mRCC. We demonstrated that AdipoR1 could be a potential clinical biomarker predicting sunitinib response and prognosis in patients with mRCC, and further revealed the potential mechanism. Therefore, agents that targeting the APN-AdipoR1 axis may become a promising strategy to impede tumor progression, ameliorate TKIs-resistance and lead to a better outcome for mRCC patients.
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